(From the Department of Animal and Plant Pathology of The Rockefeller Institute for
Medical Research, Princeton, New Jersey) PLATES 8 AND 9 (Received for publication, April 6, 1948) Electron micrographs of Newcastle virus suspended in allantoic fluid or water show a number of irregular globular forms (1). Filamentous or tailed forms have not been found in these fluids. However, when the virus is trans. ferred to saline and a mount is made directly of this material, tailed or spermlike forms are found to predominate (2) (3) (4) .
The fdentification of certain particles seen in the electron microscope as virus particles is not easy. Even some 10 years after the original description of the tobacco mosaic virus as a long thin rod (5) there is some discussion as to whether these particles represent individual units (6) or aggregates of virus (7) . It is not legitimate to accept any spherical particle obtained from a mixture of materials as virus just because it has a size which agrees with previous calculations and because it is frequently found in these partially purified preparations. All available methods for associating or dissociating the two must be applied.
We first would like to outline certain evidence which we believe associates the filamentous or sperm-like bodies seen in saline preparations with the individual virus particles. We will then take up the evidence that the tailed forms are derived from the globular forms in the allantoic fluid.
The Evidence for an Association of Virus Activity with the Filamentous Units
T h e evidence indicative of an association of filamentous units will be considered under several heads:--
Lack of Similar Forms in Other Infections of the Embryo.--Several other
virus infections have been studied under the electron microscope. The most fully reported is the influenza group (8, 9) , in which certain filamentous forms have been described (10) . However, these forms are in the minority in the preparations that have been published and have been pictured as long solid threads, never as sperm-like forms of variable thickness. They have not definitely been identified as virus particles. The virus of cat pneumonia has recently been studied in preparations from the allantoic fluid of chick embryos and no filamentous forms are described (11) . Eastern and Western encephalomyelitis viruses are purified in higher centrifugal fields but infected chick embryos are used as starting material. No filamentous forms have been de-251 scribed (12) . We have studied partially purified preparations of swine influenza, mumps, and Eastern equine encephalomyelitis without seeing any forms which resemble the usual picture of Newcastle virus when resuspended in saline. This negative evidence makes it unlikely that the peculiarities observed are ordinary artifacts.
Period at Which Filamentous Forms Are First Obtained.--Filamentous
forms have been obtained from allantoic fluid as early as 24 hours after inoculation. This corresponds to the time of first increase in virus titer of the allantoic fluid (13) . The forms are obtainable from that time on until death of the embryo some 24 to 48 hours later, during which period the titer is maintained. They have been found in preparations incubated at 35 °, 37 °, and 41°C. They are thus obtainable at all times when the virus titer is high. Their presence early in the infection indicates that they are not a degenerate form. 
The Forms

The Forms Are Agglutinated by Specific Antisera.--The infection of a ver-
tebrate host with a pathogenic organism usually results in antibodies against that organism. On previous evidence we can expect that an organism which has been identified as the causative agent of a disease may be agglutinated by convalescent sera from that disease. Failure for this to happen militates against the identification of the material under test as the infectious agent. Agglutination by convalescent sera is however not conclusive evidence for identification of agent, and disease, as witness the rise of the proteus OX titers in various rickettsial fevers, and the increase of anti-beef heart particle fiter in syphilis. An increase in the agglutinating titer against vaccinia particles in rabbits infected with vaccinia (14) and of fowl pox bodies of chickens infected with fowl pox (15) has been demonstrated. Such tests ha,ce not hitherto been applied to electron microscope studies. In the course of the present work, agglutination of Newcastle virus particles was first demonstrated in a 1/6 dilution of antiserum against the classical strain of the disease. 1 This was controlled by tests with serum from a rooster hyperimmunized with chick embryo preparations of equine encephalomyelitis.
A drop of fluid from each mixture was mounted on an electron microscope screen 15 minutes, 2 hours, and 5 hours after the test was started. Slight beginning clumping at 15 minutes, which became definite in 2 hours, was noted with the microscope in the Newcastle immune sera. The control sera failed to agglutinate even in 5 hours. That the agglutination was not due to a reaction with some normal tissue component of the virus is made likely by the fact that the I I am indebted to Dr. C. A. Brandley for furnishing these sera.
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anti-Newcastle sera in the same test failed to agglutinate partially purified influenza virus from chick embryos.
The agglutination test was repeated in another way. of four chickens which had been used in the terminat dilution of a titration, two had developed good red cell agglutination inhibition titers (presence of infection) and two failed to develop antibodies (no infection). To ½ cc. of serial two fold dilutions of serum, 0.l of acc. of virus concentrate was added. The concentrate had been prepared bycentrifuging the virus from the allantoie fluid and resuspending in saline equal to 0.1 the original volume of allantoic fluid. The combination was put in the refrigerator overnight.
As shown in Table I the sera from the infected chickens agglutinated macroscopically the virus suspension in dilutions of 1/16 and 1/=. The control sera failed to agglutinate. Electron microscope pictures prepared 1 hour after the 
Association of Infectivity and Red Cdl-Agglutinating Activity with Particles
of about 100 reg.--It was early demonstrated by filtration experiments that Newcastle virus has a diameter between 80 and 120 m# (16) . It was to be expected then that centrifugafion at a force sufficient to concentrate influenza virus would throw down Newcastle virus. This was found to be so (2) . Indeed it has been demonstrated (3) that a force of 15,000 to 20,000 g for 15 to 20 minutes is sufficient to sediment the virus particles (as determined by red cell agglutination). This accords with the size of the particles seen by electron microscopy (17) . For the sake of completeness, we present data on three other strains of the virus, demonstrating the ease of sedimentation and concentration. These tests were carried out in a higher gravitational field than necessary and therefore do not indicate as clearly as does the work of Cunha et a/. (3) that the size of the infectious particle is about 100 m# (Table II) .
Although the red cell-agglutinating activity of the influenza-mumps-Newcastle group of viruses is much more stable than the infectivity of the virus for the embryo, it has not been possible as yet to separate the red cell agglutinating factor from the 100 m/~ particle. In an attempt to do this we studied the effect of freezing and thawing on the sedimentability of the virus (measuring both red cell and embryo infectivity). It was consistently found that freezing and thawing of a preparation of infected allantoic fluid caused a much larger amount of virus to remain suspended in the supernatant fluid after centrifuging at 24,000 R.P.~. for 40 minutes (30, 000 g minimal) (Table III) . Both the infectivity and red cell-agglutinating titers of the top layer of supernatant were about ten times greater when the material had been frozen and thawed beforehand. There are several possible explanations of this phenomenon. (It is, of course, understood
TABLE II
Sedimentation of Several Strains of Newcastle Virus
Centrifu ;ation at 24#00 l~.p.x~. (30,000 g+) for 30 minutes. that the flocculi and clumps of virus and protein due to freezing and thawing have in each instance been broken up by repeated pipetting). It is conceivable that the inherent viscosity of the suspending medium has been increased by freezing and thawing. This might change the character of the convection currents in the tube and might also directly affect the sedimentation rate of the virus. Such a state of affairs is unlikely because after a second centrifugation at 24,000 R.p.x~. in which the virus was in saline the supernatant from the preparation--which had originally been frozen and thawed,--still contained a higher hemagglutinating titer than the control supematant. Another explanation is that the virus has in some way been altered so that it does not sediment as well. This could be consequent either on the formation of smaller particles (a breaking up of perhaps 10 per cent of the virus particles) or on the change from the compact spherical to the larger filamentous shape, which seems to occur when the virus is transferred from allantoic fluid to saline solution (1).
Such a change might also occur in unfrozen preparations after standing. However, an apparent change in size after freezing and thawing may not indicate the breaking up of a proportion of the individual particles, but instead the separation of agglomerate masses. This would explain the frequent increase in total titer of virus obtained when purifying this virus (2) and that of influenza (18).
Infection Is Produced by Very Few Particles.--If infection of the host is
produced by an inoculum containing a very few particles, perhaps only one, it is likely that a single particle is the infecting agent (19) . If, however, the mini- mum infecting dose contains thousands or millions of particles of the calculated size, there is more room for error in identifying the particle as the infecting agent. The evidence that a very few particles of Newcastle virus produce infection and death of the embryo is threefold. (a) Calculation of the number of particles in a suspension, based on the size of the particle in the electron microscope, the light scattering, and the nitrogen content of the suspension, shows that there are only a few more particles than there are infectious units. The difference between the two measurements is well within the limits of experimental error. (b) Equally high titers may be obtained in two different hosts, and (c) endpoint titration curves agree with the single particle infection theory. None of these lines of evidence is in itself conclusive but taken together they make it likely that the particles seen under the electron microscope are the virus. To deal with these points individually:
(a) Electron microscope measurements of the size of head of the large fairly uniform particles in the purified preparation average 83 nag × 146 rag. Light-scattering measurements (20) combined with nitrogen determination on washed virus lead to an estimate of 115 to 120 mg in size, 2 and a molecular weight of about 500million. Ina suspension containing 1 gin. of protein, there would then be roughly 1.2 × 10 -In particles. It has, however, been shown that 1 gin. of virus (assuming N = 1110 of total mass) will titer to 10 -14.n (50 per cent end-point). There must then be about five particles present at the 50 per cent end-point.
(b) Parker (19) has pointed out that when a given virus suspension attains the same high titer and reaches the same end-point in three different hosts (vaccinia in rabbit, mouse, and chick embryo), it is probable that infection is produced by one particle. The strain Cg179 which is highly virulent for chickens was therefore simultaneously titered in 10-day chick embryos and young chickens (Table IV) . There was no detectable difference in result on the 10-day chorioallantoic membrane and on the 2 weeks-old-chicken. There was a slight decrease (of questionable statistical significance) when 2 months-old-chickens were inoculated. We have then two hosts of roughly equal susceptibility to high dilutions of virus.
(c) The theory that infection is produced by one infectious unit has been extensively discussed (21) and the expected curve for such a case outlined. Our results (22, Chart 1) agree with this predicted curve. This type of curve at best merely indicates that when infection has been produced in the embryo it may have been initiated by one particle. It does not take into account the virus particles which have been lost. These amount to thousands in the case of tobacco mosaic virus.
Points (b) and (c) are brought into the discussion not because of any belief that they prove the identity of the demonstrated particle and infectious unit, but because they agree with the evidence in (a) that infection is produced by a very few particles.
Apparent Change in Shape of Infectious Partide
If we accept the sperm-like or filamentous forms of Newcastle virus, when prepared from saline suspensions, as representing actual virus particles, how Actual measurements and calculations of size were carried out by Dr. Roger Herriott.
may we then explain their absence in the original allantoic fluid? Saline suspensions in which the virus is not concentrated show many typical tailed forms, whereas none are seen in allantoic fluid having this same titer of virus. We believe that the virus particle has another form in the aliantoic fluid and that under the influence of saline it is changed into the forms just mentioned. The evidence in favor of this is as follows:--1. Filamentous forms are absent from the allantoic fluid. 2. Filamentous forms can be produced by simple dialysis against saline. This is accomplished without loss of activity.
3. Suspensions maintained in different pH solutions give different forms. 4. The form of virus suspended in a phosphate buffer at pH 8 differs from that suspended in a borate buffer at the same pH.
5. Spherical forms can be obtained from allantoic fluid by resnspending in water. These will show filamentous types under the electron microscope if increasing concentrations of saline are added.
6. Partial inactivation of spherical forms in water by heat, formaldehyde, or mustard gas prevents the development of the filamentous forms.
It may be worth while to detail the experimental evidence on each of these points. To preclude the possibility that the mechanical treatment of centrifugation and resuspension might cause the change in shape, normal allantoic fluid was substituted for saline during both cycles of centrifugation of one strain. No tailed forms were found after a careful search of many fields. The same concentration of virus in saline had produced great numbers of tailed forms in each field. This contrast between allantoic-fluid virus and saline-washed virus held true of all four strains.
Absence of Filamentous or Tailed Forms from Allantoic
Production of Filamentous Forms by Dialysis against Saline.--Filamentous forms
may be observed to develop within the original allantoic fluid when it is dialyzed against saline solutions. These forms do not have the clear cut morphology of the typical tailed virus which has been centrifuged and transferred to saline, but do show a definite change in morphology. In the first experiment, infected aUantoic fluid was put in a cellophane sac under slight pressure and fluid withdrawn at intervals of several hours. Filamentous forms were found during the first 12 hours. In the two subsequent experiments the virus was dialyzed against saline and water. The infectiousness of the preparations was determined and electron microscope screens prepared at intervals. The data are summarized in Tables V and VI. We have concluded that a definite change in morphology may be brought out by dialysis against saline with little loss of infectiousness, but since other methods of investigating this morphological variation proved capable of bringing out sharper differences, we did not pursue this aspect further.
3..Effect of pH.--When virus is transferred from allantoic fluid to a saline solution
by centrifugation and resuspension, it is transferred from a medium of roughly pH 8 to one of roughly pH 7--especially if the saline is buffered by phosphate. It was im-~q~EWCASTLE DISEASE VIRUS. nI portant then to determine the effect of various hydrogen-ion concentrations on the morphology and activity of the virus.
Infected allantoic fluid was centrifuged in the usual manner and the virus resuspended in one-tenth of the original volume of normal saline. This then was brought up to the original volume of normal saline. This then was brought up to the original volume in the particular buffered solution desired by a one to ten dilution, pH recordings are actual determinations with Coleman pH electrodes dipped in the virus solution. 
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Since the changes were greater on the alkaline side d pH 7 (Table VII) , the second experiment was limited to this. The data obtained are presented in Table VIII .
Several things seemed clear from these experiments on the effect of pH. First, filamentous forms were not seen in moderately alkaline solutions even though activity was well preserved. Secondly, the tailed and filamentous forms were not preserved indefinitely at any of the pH concentrations tested. Finally it also seemed dear that it was not the change from pH 8 to pH 7 in itself which caused the appearance of the filamentous forms but rater some change in salt concentration.
The Effect of Phosphate
BuJyer.--Further evidence of the secondary importance of hydrogen ion concentration per se was obtained by studying morphology and activity at pH 7.0, 7.5, and 8.0 all in phosphate buffers (previous studies on the effect of pH had used a borate buffer for pH 8). Filamentous and tailed forms predominated at all three pH's and in two different strains of virus (Band Cg179). 
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Sharply defined hard dots
Effect of Molarity of Salt Solution.--Infected allantoic fluid contains a great deal
of extraneous material besides the virus particles. This makes it difficult to differentiate individual particles and to identify each virus particle. For this reason we felt that the evidence for a change in form would remain obscured until it was possible to obtain spherical particles free from the original aUantoic fluid. To this end we undertook to study the morphology and infectivity of Newcastle virus in distilled water. Surprisingly the virus can be centrifuged and resuspended in water without loss of m~WCASTIm DISEASE vIRUS. I~ infectivity. It has a spherical shape which is readily converted into a tailed or filamentous form by the additon of 0.07 to 0.15 molar sodium chloride. The experiments summarized in Table IX were performed by first resuspending the pellet obtained from ultracentrifugation in water. This washing in water was repeated, and the second centrifugate was resuspended in one-half to one-sixth of the original fluid volume. This water suspension was then brought back to approximately the original volume in the particular strength of saline desired. Suspensions were stored at 4°C. Figs. 7 to 12 show the gradual transition from the spherical to the filamentous, with no measurable change in infectiousness, as shown in Table IX .
The ability of saline to bring about these changes in form as seen on electron microscopy immediately raises the question of effect through various osmotic pressures. It must be remembered, however, that as the drop of saline containing the virus particles dried at room temperature on the collodion film of the electron microscope screen there was an increase in salt concentration which makes it impossible to state exactly what the osmotic pressure was during the drying. However, it has been found that virus suspended in 0.15 M sucrose is just as active as the original allantoic fluid and has a spherical form on electron microscopy. It may be worth pointing out that the effect of the salt solution seems to be quick for the filamentous forms were present within 10 minutes of adding the saline plus the time taken in drying (5 to 10 minutes). This agrees with the immediate appearance of filamentous forms on transfer into saline during the original centrifuge studies described in the first part of this paper.
Effect of Partial Inactivation of Spherical Forms on the Ability of the Virus to Change
Shape.--The question which was constantly in the background was, --Is this change a real one, or is it due to some peculiar distortion of the virus on drying? It was thought that if it were possible to prevent the change in shape brought about by saline by some previous treatment of the virus in the water suspension, this would make it less likely that we were dealing with an artifact. To this end, 0.02 per cent formaldehyde was added to a water suspension of virus and this suspension kept at 4°C. for 4 days. Sufficient NaCI solution was then added to produce a 0.15 ~ solution and immediately thereafter and 3 minutes afterwards screens were prepared for electron microscopy. The typical spherical forms of the water suspension were preserved by the previous treatment with formaldehyde despite the presence of the sodium chloride. Only a rare tailed virus particle was seen on thorough search of the screen. The failure to find forms other than spherical in a preparation of virus which had been treated with formaldehyde before centrifugation was reported by Taylor (23) at the Electron Microscope Society Meeting in 1946. On the other hand, a control suspension of virus to which saline was added before placing in the refrigerator, and to which 0.02 per cent formaldehyde was added after 4 days at 4°C., showed a profusion of tailed forms. This would indicate that it is not the mere presence of formaldehyde which prevents visualization of tailed forms, but that it is necessary for the formaldehyde to act over a period of time. This idea was tested by comparing the ability of the spherical forms to change into tailed and filamentous forms with and without 0.02 per cent formadehyde over a period of time. The results are presented in Table X . The electron microscope screens were prepared within a few minutes after adding the saline.
It is apparent that roughly the same results were obtained. 0.02 per cent formaldehyde did not inhibit the change in shape until after some days during which time it had a chance to begin to inactivate the virus. However, conversion seemed to be inhibited long before inactivation had proceeded very far. It is not surprising then that the control tube in water alone produced but few filamentous forms after 12 days in the refrigerator, at which time roughly 99 per cent of the virus was apparently inactivated. One other method of inactivation was studied fairly carefully for its ability to prevent the conversion into filamentous forms. Water suspensions were heated in a water bath at 50°C. for various periods of time. Portions were then brought to 0.15 ~r NaC1 concentration and electron microscope screens were prepared. As can be seen in Table XI , long before inactivation was complete 10-e.0 10-1.04" as far as infectivity was concerned, conversion was prevented. It is well to remember here, as in the experiments on the effect of formaldehyde, that the loss of only 3 logs in a titration means a 99.9 per cent inactivation. This amount of inhibition of conversion as seen in the electron microscope would be called complete. In a second experiment the amount of heating necessary for this inhibition was more accurately determined, but no activity determinations were made. Again it was found that 10 minutes at 50°C. prevented the conversion.
Two other methods of inactivation were studied in passing. Irradiation of water suspensions with ultraviolet light for 20 minutes in one experiment and for 60 minutes in another prevented conversion. Five to 10 minutes of irradiation under the same conditions had been found to render the virus non-infectious for the embryo. Treatment with mustard gas at a concentration of 2 X 10 -4 (24) also made the virus incapable of producing the filamentous form. In general reactions which inactivated the virus were capable of preventing the conversion, perhaps to the same degree.
Two separate ideas have been presented in this paper. The evidence for the first, that certain filamentous and tailed forms represent virus particles, is fairly good. It is based on their characteristic shape, on their size and number, and on immunological evidence.
The second idea, that there is a genuine change in shape from a spherical to a filamentous one, is a more difficult one. While repetition readily establishes the reproducibility of the phenomenon, it does not discourage the idea of a reproducible artifact. This problem may be debated at length and involves the basic problem of the applicability of electron microscope findings in the biological field. Does the form or shape of the virus of Newcastle disease in solution depend upon the presence or absence of a certain concentration of salt? It might be thought that the best way to answer this would be by applying certain known physical methods to a study of the virus suspensions. Lightscattering measurements were made by Dr. R. M. Herriott on the virus in allantoic fluid and in saline. No change was found. Then the scattering of light was determined in purified suspensions before and after adding salt. No change was found. But we w6re unable to get any information which would indicate how much change in shape without change in size might occur without a change in the light scattering.
The asymmetry of particles such as the tobacco mosaic virus s easily established as occurring in solution by birefringence on streaming, iIn a capillary tube supported between two crossed prisms it was easy to demonstrate the marked streaming birefringence of a 1 per cent suspension of tobacco mosaic virus. This same set up failed to elicit birefringence on streaming in a Newcastle virus suspension in saline which had fifteen times the original concentration in the allantoic fluid and which was a milky white in color. But we Cannot conclude from this that the filamentous forms do not exist in suspension. The electron microscope does not indicate that they in any way approach the sharp rigid rod-like shape of tobacco mosaic.
A third method of studying the shape of macromolecules in solution is to study their viscosity. According to Einstein's formula a change in shape should be accompanied by a definite change in viscosity. But in order to get determinable differences of viscosity between the solvent and the solvent plus virus, Dr. Herriott found it necessary to employ concentrations of virus ten times as great as those used in preparing the electron microscope screens. This increased concentration seems to be accompanied by such agglomeration of the individual particles that again the failure to determine a difference between the viscosity of the virus in water and in saline is not significant.
Other physical methods will have to be employed before we can make a final decision. In the meantime the reproducibility and the marked extent of the change, plus the effect of partial inactivation of the virus favor the reality of the phenomenon.
If the change in shape is found to occur in solution it may be related to an enzyme like the ribonuclease which was found to be active in saline and inactive in water solutions.
In passing it is well to emphasize that we have studied and discussed a relatively simple question. Does the virus change from a roughly spherical particle to a roughly filamentous particle under the influence of saline? This excludes the problem of pleomorphism. Our observations would rather indicate that the Newcastle virus is pleomorphic much like the pleuropneumonia bodies. The range of such variation in shape has not been studied. SUMMARY 1. It is likely that certain tailed and filamentous particles seen on electron microscope examination of partially purified saline suspensions of Newcastle virus are the individual virus particles because:
(a) They have a highly characteristic shape not seen in other virus preparations.
(b) They are present whenever the virus is present in high concentration.
(c) Their size agrees with the size of the virus as calculated from light scattering and centrifuge data.
(d) They are agglutinated by specific antisera.
(e) Infection may be produced in the embryo by relatively few of these particles.
2. It is possible that these filamentous forms have been derived from spherical forms without loss of activity because:
(a) Such filamentous forms are not found in the original allantoic fluid when this contains a comparable amount of virus.
(b) Filamentous forms appeared in the original allantoic fluid when it was dialyzed against saline solution.
(c) Filamentous forms were produced at certain hydrogen ion concentrations but not at others, in solutions maintaining the same infectivity for the embryo.
(d) Spherical forms were obtained by suspending the partially purified virus in water instead of saline. In this the virus remained moderately stable.
(e) These round forms could apparently be converted into tailed and filamentous forms by the addition of saline, again without loss of activity.
(f) This "conversion" could be inhibited by partial inactivation of the water suspension of virus. × 18,000. × 18,000. × 18,000. × 18,000. × 18,000.
